Ruminococcusflavefaciens strain C94, a strictly anaerobic, cellulolytic ruminal bacterial species, was grown either in batch or continuous cultures (cellobiose limited or nitrogen limited) at various dilution rates. Washed cell suspensions were incubated anaerobically at 39°C without nutrients for various times up to 24 h. The effects of starvation on direct and viable cell counts, cell composition (DNA, RNA, protein, and carbohydrate), and endogenous production of volatile fatty acids by the cell suspensions were determined. In addition, the effect of the pH of the starvation buffer on direct and viable cell counts was determined. Survival of batch-grown cells during starvation was variable, with an average time for one-half the cells to lose viability (ST50) of 10.9 h. We found with continuous cultures that viable cell counts declined faster when the initial cell suspensions had been grown at faster dilution rates; this effect was more pronounced for suspensions that had been limited by cellobiose (ST50 = 6.6 h at a dilution rate of 0.33 h-') than for suspensions that had been limited by nitrogen (ST50 = 9.5 h at a dilution rate of 0.33 h-). With continuous cultures, viable cell counts in all cases declined faster than direct cell counts did. The rates of disappearance of specific cell components during starvation varied with the initial growth conditions, but could not be correlated with the loss of viability. Volatile fatty acid production by starving cells was very low, and acetate was the main product. Starved cells survived longer at pH 7.0 than they did at pH 5.5, and this effect of pH was greater for cellobiose-limited cells (mean ST50 = 7.1 h) than for nitrogen-limited cells (mean ST50 = 12 h). Although it has relatively low ST50 values, R.flavefaciens has sufficient survival abilities to maintain reasonable numbers in domestic animals having maintenance or greater feed intake.
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Fluctuations of carbohydrate concentrations in the rumen can influence both the relative proportions and the absolute concentrations of the specific carbohydrate-utilizing subpopulations of the ruminal microflora (6, 14) . Depending upon the diet of an animal, soluble carbohydrate concentrations can become insufficient to support microbial growth within a few hours after the animal has been fed (12, 31) . The results of investigations with selected pure cultures of soluble carbohydrate-fermenting rumen bacteria indicate that these bacteria have less capacity to endure periods of low nutrient availability than bacteria from other ecosystems do (18) (19) (20) . Thus, cycles of bacterial growth and nonviability may exert an important influence on the overall ruminal microbial populations and energy economy.
Among the carbohydrate-specific ruminal subpopulations, the cellulolytic bacteria are especially important. These bacteria convert the major plant polysaccharide (cellulose) and nitrogenous compounds to hydrolytic products of cellulose, volatile fatty acids, and microbial cells which can be used by other microbes and the host animal. The cellulolytic ruminal bacteria are more sensitive than other ruminal bacteria to certain conditions of stress, such as low pH (26, 30) . In investigations of ruminal diurnal variation, the cellulolytic group also exhibits the most dramatic decline in cellular viability when overall bacterial viability is also on the decline (14) .
The intent of this investigation was to quantitate the 61604. survival capacity of a cellulolytic ruminal species, Ruminococcus flavefaciens. Factors which could influence the capacity of Ruminococcusflavefaciens to endure starvation, such as the growth rate or the limiting nutrient prior to the onset of starvation or the pH of the environment during starvation, were examined. These studies are the first to shed light on the relative survival capacities of a fiberdigesting, gastrointestinal tract bacterial species.
MATERIALS AND METHODS
Bacterial strain. Ruminococcusflavefaciens strain C94 was obtained from the culture collection of the Department of Dairy Science, University of Illinois, Urbana. Ruminococcus flavefaciens C94 was chosen because it is a typical strain which has been thoroughly characterized and its nutritional requirements are well known (4, 28) . Growth conditions, media, and buffers. Throughout this investigation, the principles of anaerobiosis as outlined by Hungate (11) and modified by Bryant (3) were used in the preparation of media and buffers and treatment of bacteria. The basal medium used for Ruminococcus flavefaciens was RFB medium (Table 1) , a liquid medium developed from the media of Bryant and Robinson (4, 5), Latham et For enumeration of viable bacteria, the CDM medium of Leedle and Hespell (15) was modified for Ruminococcus flavefaciens (CDM-C94 medium) ( Table 2 ). After the basal medium was autoclaved in sealed flasks and cooled to 50°C, the flasks of medium were transferred into an anaerobic glove box (95% argon, 5% hydrogen) for subsequent manipulations. The separately prepared, sterile, anaerobic solutions were added to CDM-C94 medium. The medium was poured into sterile plastic petri dishes which had been inside the glove box for at least 12 h for equilibration with the glove box atmosphere (as was done with all plastic ware used). The poured plates were allowed to stand for at least 1 day before they were either used or stacked into plastic food storage containers for storage in the glove box until they were needed.
For starvation of cell suspensions, the S buffer described by Leedle and Hespell (15) (10) . At all pH values, the pHs of both the basal S buffer solution and the 0.5 M sodium phosphate solution (which was added after sterilization) were adjusted with sodium hydroxide.
Starvation conditions. Cultures were transferred into a sterile C02-filled vacuum flask which was then sealed and taken into an anaerobic glove box for subsequent manipulations. Culture samples were poured into sterile polycarbonate centrifuge bottles with air-tight seals (Du Pont/Sorvall, Wilmington, Del.), removed from the glove box, and centrifuged for 5 min at 5,000 x g and 4°C. The centrifuge bottles were then returned to the glove box, and the supernatant was decanted. The cell pellets were then suspended in a volume of S buffer equal to the original culture volume and washed as described above. The cells were suspended to their original culture volume (except for batch cultures, which were suspended to one-half of their initial volume) in S buffer. The pH of the S buffer used for the wash was the same as the pH of the final suspension.
Cells were starved by transferring 72-ml portions of the final cell suspensions into 100-ml serum bottles (Bellco Glass, Inc., Vineland, N.J.) containing the same atmosphere (95% argon, 5% hydrogen) that was in the glove box. The bottles were sealed with rubber stoppers, removed from the glove box, and incubated in a prewarmed (39°C) rotary shaking water bath. When samples were removed for analysis at specified time intervals, the entire contents of each bottle were used. Cellobiose (6% wt/vol) 5.0 ml Na2CO3 (8%, wt/vol) 5.0 ml Cysteine hydrochloride (2.5%, wt/vol) 1.0 ml Na,S 9H,O (2.5%, wt/vol) 1.0 ml "Modified from CDM medium of Leedle and Hespell (15) .
Basal medium was prepared as described in the text. '*Prepared as described by Leedle and Hespell (15) . Warner (32) , the preserved samples were stored at 4°C until they were analyzed. Before counting, samples were mixed vigorously by using a rotary type of test tube mixer; this was followed by passing the sample through a Pasteur pipette five times to reduce the size of any bacterial aggregates. After an additional 1:4 dilution of the preserved samples in S buffer, cell counts were determined by using a Petroff-Hausser counting chamber.
For viable cell counts, samples were removed from the starved suspensions and serially diluted in S buffer, and portions of the dilutions (0.05 ml) were spread onto CDM-C94 medium in petri dishes. The plates were then stacked inside anaerobic culture vessels (2) modified as described by Leedle and Hespell (15) , the vessels were flushed three times with anaerobic CO2, and the vessels were incubated for 96 h at 39°C before colonies were counted. Only plates with 10 to 100 colonies were used for enumeration.
After removal of samples for the enumerative procedures described above, the remaining suspensions were divided into one 30-ml portion and two 20-ml portions which were separately centrifuged for 10 min at 8,000 x g, and 4°C. Both the resulting cell pellets and the supernatants were frozen at 20°C until subsequent analysis.
The cell pellets obtained from the 30-ml samples were suspended in glass-distilled water and quantitatively transferred into tared weighing planchets. The samples were then dried for 12 h at 50°C or until dry weight determinations made at least 2 h apart gave similar values. After weighing, the dried samples were then suspended in 1 ml of glassdistilled water for protein determinations. After hydrolysis (0.1 N NaOH, 10 min, 70°C), protein was determined by the method of Lowry et al. (17) , using cytochrome c as the standard. The cell pellets from one set of 20-ml samples were hydrolyzed (12 N HCl, 6 h, 100°C) and then neutralized with 10 N NaOH, and the carbohydrate contents of the hydrolysates were determined by the phenol-sulfuric acid method of Ashwell (1), using D-glucose as the standard. The cell pellets from the remaining 20-ml samples were hydrolyzed (0.5 NaCIO4, 30 min, 70°C) and centrifuged at 22,000 x g, for 20 min at 4°C, and the supernatants were analyzed for nucleic acid content. The diphenylamine reaction described by Burton (7) was used for DNA determinations; deoxyribose was used as the standard, and the values were adjusted to DNA equivalents by using a correction factor of 2.44. The orcinol reaction described by Schneider (29) was used for RNA determinations; ribose was used as the standard, and the values were adjusted to RNA equivalents by using a factor of 4.90.
Phosphate contents were determined for several cell pellets that were not required for other analytical procedures. The colorimetric reaction of phosphate with ammonium molybdate and ascorbic acid (9) was employed. Monobasic potassium phosphate was used as the standard.
Supernatants were analyzed for ammonia by the iodophenol method described by Chaney and Marbach (8) , using ammonium chloride as the standard. For volatile fatty acid analysis, supernatants were lyophilized, and this was followed by butyl esterification and determination of the resulting butyl esters by gas-liquid chromatography as described by Salinitro and Muirhead (27) . Statistical analysis of data. All viable cell counts were subjected to a least-squares linear regression analysis. The line equations, the correlation coefficients (ri/2), and the significance of regression (variance ratio) were calculated as described by Poole and Borchers (24) . The time required for 50% of the population to lose viability (ST50) was determined by two methods. In the first method, the viable cell counts were plotted as a function of length of starvation, and the ST50 was determined graphically by drawing a line from the point at which viability decreased by 50% to the independent axis (hours of starvation). In the second method, the data were subjected to a least-squares linear regression analysis. Either colony-forming units per milliliter or log (colonyforming units per milliliter) was used as the dependent variable, and time of starvation was used as the independent variable. The y intercept was used as the zero-time value for colony-forming units per milliliter or log (colony-forming units per milliliter), as appropriate. The ST50 was then determined from the line equation by using one-half of the y intercept as the y variable. The analysis of variance methods used were those described by Ott (22) .
RESULTS
Growth of Ruminococcus flavefaciens in experimental media. In an attempt to use a chemically defined medium, the yeast extract in RFB medium was replaced with 14 (Table 3) , which may have been partly due to the presence and gradual breakup of small cell aggregates. After the initial increases, however, the viable cell counts decreased during the period of starvation. The viable cell counts decreased faster than the total cell counts indicating that some cells that lost viability remained intact. The concentrations of all measured cell constituents decreased; the greatest decline was in nucleic acids ( (Table 8) . When these data were statistically examined by using a least-squares regression analysis, the declines in viability followed log-linear functions ( Table  9 ). (Tables 8 and 9 ). This effect was more apparent (16, 21, 25) . However, for rumen bacteria like Ruminococcus flavefaciens, it may not be necessary to have the ability to survive for extended periods of starvation. For animals that are fed once or more per day, any period of bacterial starvation must be considerably shorter than 24 h. The ruminococci often adhere to the feed particles and are in close proximity to their nutrient source until the forage particle is largely degraded. When the old, nutrient-poor forage material with adherent ruminococci is mixed by rumen motility and rumination with freshly ingested forage material, the transit time for cells to detach from old forage and attach to fresh forage particles may be TAI3LE b Regression was significant (P < 0.05).
('Regression was significant (P < 0.10).
relatively short. These factors suggest that there is little selective advantage for ruminococci to be able to survive more than a few hours of starvation, and their ST50 values (Tables 7 and 9 ) seem to be adequate in this regard.
Other species of rumen bacteria that have also been shown to have poor abilities to survive during starvation include Megasphaera elsdenii (19) , Selenomonas ruminantium (18, 21) , and mixed rumen bacteria (J. A. Z. Leedle suggesting that random proteolytic attack of internal enzymes is not a major causative factor.
